In this study, information related to optical fiber fusion splicing skills is consolidated by extracting explicit knowledge of the proficiency levels of skilled technicians in two ways. The first is to visually capture and quantify those skills by identifying differences in the skill levels of a nationally certified technician and a highly skilled expert technician using motion capture software, the other is to explore the relevance of the operation and thinking processes by interviewing the expert technician and then attempt to quantify empirical tacit knowledge by an analysis of mobile tracking views using motion capture software. The results show that a technician's ability to engage in "sensory thinking", such as the proper management of visual and tactile cues, is the most important component of his or her proficiency during optical fiber fusion splicing operations, and it was clear that operations were complemented when work path movements were reduced.
Introduction


Recently, there has been growing interest in network quality because the data quantities traveling over information networks are increasing exponentially. However, it is seldom realized that the quality of the cabling performed during network construction is one of the most significant factors affecting network quality. For instance, a previous study indicated that approximately 70% of all network accidents are caused by lack of quality cabling [1] . When optical fibers are used, installation quality is particularly dependent on the skill of the installer because the spicing and connections of optical fibers is extremely sensitive. However, to the best of the author's knowledge, there have been few reports that focus on analyzing fusion splicing performed by skilled workers. This is because, in fusion splicing work, multiple processes are combined and it is difficult to extract explicit knowledge related to the motions of the technicians and variations in the Corresponding author: Takuo Kikuchi, Ph.D., associate professor, research fields: telecommunications, vocational ability development. objects being handled. However, a number of previous reports have focused on the analysis of skills required for various other crafts and professions. For example, in a skill analysis involving chrysanthemum kneading, a CG (computer generated) model was used to trace a joint in order to determine 1) the stability of the joint at the time of work, and 2) the relationship between the finished work and the skill of the craftsman [2] . In addition, in a study involving a welding learning system, students were provided an example of proper behavior via instructions to write down information related to the height, speed, and the amplitude of a working gas welder, in chronological order, and to check for discrepancies [3] . However, while explicit knowledge of highly skilled workers has been studied in a variety of special skill sets, the methods used in these studies remain subject to discussion. For example, there is a lack of consensus regarding the defined quality and whether the skills demonstrated represent the best practice [4] [5] [6] . The author has also studied various training methods used for producing skilled workers [7] [8] [9] [10] . One such study involved skill analysis and dynamic modeling of information network cabling work. In Ref. [7] , fusion splicing and storing, which are difficult and require both expertise and experience in optical fiber cabling, were analyzed. In that study, an analysis of skilled worker and beginner actions was performed using motion capture software and differences in skill levels were identified. Following the study, the author's observations and his analysis of the work methods utilized were consolidated in included in manual for training beginners.
This paper deals with an analysis of the motion and thinking processes of an highly skilled worker who was a gold medalist of the World Skills competition [11] and a technician certified via the Japanese National Skills competition [12] . The result will be used to clarify the relationship between skill and quality. Using this approach, not only is it possible to compare the performance of skilled and unskilled workers, we can also compare the abilities a highly skilled expert and a properly certified technician in order to precisely determine the characteristics that differentiate the two. Simultaneously, an interview will be conducted with the highly skilled expert, and an attempt will be made to clarify the empirical tacit knowledge of the certified technician from an analysis of the relationships between the operating and thinking processes of both [13] . Additionally, in order to extract heuristic tacit knowledge of the highly skilled expert, this paper will present the relationship between motion and thinking processes by listening to the observations of the certified worker. After donning a wearable camera (Panasonic HX-A500, see Fig. 3 (a)) equipped with an eye tracking function and a recorder unit, the certified worker will perform a technical process involving a high degree of skill, and the demonstrated empirical tacit knowledge involved will be summarized.
In the next stage, this will be done to determine what kind of impact the expert technician's proficiency level has on the process, and to discuss changes that may result if technicians change from a piece of equipment (to which he or she is accustomed) to an unfamiliar piece of equipment. The present study will then discuss optimizing work, which has a significant effect on network quality, and which deals with the relationship between skill and quality. From these results, the abilities required to perform optical fiber fusion splicing work at the expert level are expected to be clarified and reported.
Analysis Method
Fusion Splicing
Telecommunications cabling consists of a variety of work processes that must be performed when installing an information network system. Among those, especially in optical fiber fusion splicing work (which is a common method of creating optical fiber connections in access and backbone cables in a building) requires a high degree of expert ability. However, optical fiber cabling work is very difficult because the fiber is very thin and an insufficient degree of handling skill is likely to cause unevenness in the cabling quality. Therefore, the processes demand technicians that possess high levels of skill. While we identified approximately 16 processes involved in installing fusion splicing in trays, as shown in Fig. 1 , they can be further classified in terms of preliminary procedures, fusion splicing, and storing processes. 
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The processes of removing the jacket, cleaning, and then cleaving the fiber, which are important for ensuring connection quality, are included in the preliminary procedures of optical fiber installation. However, since these pre-processes are common to other forms of optical fiber work besides fusion splicing work, this study will focus on setting fiber and fusion splicing, which are the most important components of fusion splicing itself.
Work Procedure
In order to perform skill visualization, it is necessary to analyze the object of skilled work under normal conditions, without imposing extraneous procedures. Therefore, the technicians were asked to repeat each targeted procedure (shown in Fig. 1 ) three times, after which the results were analyzed by visualization. In order to ensure objectivity, the work process was the same used in the Ministry of Health, Labour and Welfare top level, 1st Grade National Trade Testing [14] . As previously noted, persons who pass the 1st grade tests are certified as skilled technicians. In this procedure, various rules are set, such as the number of times the optical fiber is to be cleaned, procedures for cleaning the cleaver, and the maximum acceptable connection loss value (0.5 dB/per number) [15] .
In addition, the splicing speed of the acceptance criteria of this assay is approximately 120 seconds/connection.
Analysis Procedure
An overview of analytical procedure used in this paper is described in the following steps.
Step1: Analysis of the heuristic tacit knowledge of the highly skilled worker First, an overview of the heuristic tacit knowledge of the highly skilled expert is extracted from the standpoint of his motions and thinking processes, after which the thinking process and work contents are analyzed. Next, the relationship between the cabling work speed and the installation quality is estimated from the differences noted in each work process.
Step 2: Visualization and skill comparison This research step focuses on the skill level differences between the highly skilled expert and the certified technician by digitizing the skills observed via motion capture software (MOCAP).
Step 3: Analysis of motion process of highly skilled expert This research step focuses on the relationship between the eye track and work via eye tracking analysis. Motion analysis was also used to measure moving distance. By digitizing a technician's fusion splicing work, the difficulty of each work process can be clarified.
Analysis Targets
To gain an understanding of the difference in skill level between certified technicians and highly skilled experts, we ask a Gold Medalist of World Skills London 2011 and a certified technician who had competed in a national skill competition to participate in our experiments. It should be noted that World Skills is an international skills competition held every two years to determine the world's most skilled person in a variety of fields. However, since there has been no previous analysis the skills required by a tournament champion, there could be questions regarding what reference should be set for "skilled technicians". 
Holders Cleaver Fusion Splicer
Skill Analysis of Highly Skilled Worker in Optical Fiber Fusion Splicing 152
Skill Analysis
Analysis Heuristic Tacit Knowledge of Skilled Worker
Heuristic tacit knowledge levels are analyzed using the results of our interviews with the highly skilled expert [13] . From these results, as shown in Table 1 , the primary parts of optical fiber fusion splicing work were extracted and the real relationship between the work and other points of consideration were determined. The "consideration process" is the result of extracting tacit knowledge from the highly skilled worker. We found that the highly skilled worker minimized each motion process during the "control" adjustments in order to perform optimization based on obtaining "sense" information. Furthermore, from the results, we found that as the number of "controls" increases, so does the skill level.
For example, the highly skilled worker controls the moving route, angle, and position during the movement to place the holder in the fusion splicer. These placing movements are considered to be a thinking process. The moving route is used to set the holder into the fusion machine, the angle is the angle used to orient the holder, and the position is the position of the holder. It can thus be seen that, in order to carry out this level of control, it is necessary to rely on visual, tactile, and hearing cues. This shows that those skill levels can be controlled by a so-called sense, and it is presumed that this is an empirical tacit knowledge needed to demonstrate expert skill levels.
Formulization of Skilled Technician's Thinking Process
View Tracking Experiment
In this section, in order to clarify the differences between the highly skilled and certified technicians from visual cues, view movement analyses were conducted on the works produced by both technicians based on the empirical tacit knowledge shown in the Table 1 Heuristic tacit knowledge levels of the highly skilled expert.
The  marks in the figure above refer to the following items: 1 Representing the operation of each task. 2 Points that should be controlled in each work. Places where caution is necessary. 3 What a skilled technician feels at each step of the work. 4 Knowledge that each skilled technician has obtained from each work. Implicit knowledge. If this is insufficient, the control of 5 will not be smooth.
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previous section. The pre-process has numerous procedures that workers must visually inspect properly, and their visual field motions were found to depend on their skill levels. Visual field conditions were extracted via the previously discussed wearable camera (Fig. 3 (a) ). Fig. 3 (b) shows the visual field of the camera. As can be seen in this figure, the entire working area is within the camera's field of view.
The test result is shown in Fig. 4 and Table 2 . The domain shown in the circle of Fig. 4 is the object area, and movements are shown in numerical order. The line shows visual field movements in the area. According to Fig. 4 , the highly skilled worker performed a visual field movement survey eight times (Fig.4 (a) ), while the certified worker conducted 15 visual (a) Mounting the wearable camera (b) Visual field of the camera Fig. 3 Eye tracking system using wearable camera. surveys (Fig.4 (b) ), approximately double the amount of the certified worker. The distance that the highly skilled worker's hand travels is 1,600 mm, while the certified worker's hand travelled 2,200 mm. This indicates that there is strong correlation between hand distance travel and work time.
The amount of time a technician's attention remains focused in the visual field can be used to determine whether the worker is watching only a few points within the view. We found that time durations were 21  20  39  38  37  36  35  34  33   32   31  30   49  48  47  46  45  44  43  42  41  40  69  68  67  66  65  64  63  62  61  60   59  58  57  56  55  54   53  52  51  50   19  18  17  16  15  14  13  12   11   10  79  78  77  76  75  74  73  72  71  70   89  88   87  86  85  84   83  82  81  80   100   99  98  97  96  95  94  93  92  91 longer for the certified worker than for the highly skilled worker. If a work place and a visual field match, then the ratio was set to 1. If not, the ratio was set to 0. The average was examined as a degree of association. The average ratio related to a real work place and an actual visual field was investigated under the assumption that if they match, then 1 would be returned, and in other cases 0 would be returned. The average ratio of the highly skilled worker was 1, while that of the certified worker was 0.93. This result suggests that the certified worker tends to shift his gaze to a number of different points other than the actual work place, while the highly skilled worker's view is more firmly focused on the work and the worker's hands move in shorter distance increments. In other words, as the worker's skill level increases, hand scrolling movements and extraneous eye motions decrease.
MOCAP Motion Analysis
In this study, PV-Studio Character motion capture software was utilized. We put a marker and a joint at sixteen joints and the fingertips of the highly skilled and certified workers, and then used the results to reproduce their fusion splicing work three-dimensionally. We then overlapped the behavior of both workers and analyzed differences from their body movements and work products. Imagery was captured using two cameras, which were installed on both sides of the workers, as shown in Fig. 5 . Fig. 6 shows examples of skill analysis using motion capturing software.
The data points are shown in Fig. 6 (a) . A total of eight points at the worker's elbow, wrist, thumb, and index finger were set and their movements were captured. First, we focused on the work difference between the two technicians when the same fusion splicer was used. The target work was the set folder shown in Fig. 7 . Based on the figure analysis, this work requires an especially strong level of empirical tacit knowledge of fusion splicing. A graph showing elbow and wrist distance movements in the XY plane is also shown in Fig. 8 . The vertical axis represents the point movement amount (cm), and the horizontal axis represents time. The movement amount is the difference from the current to the previous point. Each graph represents the expert's left and right arms movements viewed from two points. The red lines represent the x and y axes of left arm, while the green lines represent the x and y axes of right one.
The time required for setting the holder in place is shown in Table 3 . According to these figures and tables, there were few observed differences between the required times, and the differences between moving distances in the XY direction were small. In the next step, an experiment was conducted using a different fusion splicer. It was thought that if a skilled worker was controlled by sense, shifting workers from their familiar splicers to different splicers would produce behavioral differences. This process was also used to gain an understanding of how getting accustomed to using something new relates to proficiency. The results are shown in the Table 4 and Fig. 9 .
The results showed that there were very few differences when using other equipment as opposed to using familiar equipment. However, the work time was less for the highly skilled worker. Furthermore, moving distance in the XY plane was small and hand movements followed the shortest path, thereby leading to a shortening of work time. Therefore, it can be presumed that the expert skills involve tacit knowledge, and even when there is a model change, the highly skilled worker quickly adapts and produces the optimum operation based on senses. 
Conclusions
In this paper, an analysis of highly skilled workers engaged in optical fiber fusion splicing work was performed, and the work mechanisms were elucidated. Skills analyses of highly skilled and certified workers were carried out by (1) visualization comparisons of skills utilizing the motion capture software, and (2) comparisons of the view movements of a head-mounted camera. In addition, formulization was applied to the analyses of the operation and thinking process of certified workers in order to gain an understanding of the skills they had mastered. As a result, it was determined that an important factor related to expert skills in optical fiber fusion splicing operations is "sensory thinking", which can be defined as the appropriate use of visual and tactile cues, and that the expert operations are complemented when the movement path required to accomplish an action is minimized. It is anticipated that this investigative approach will be applied to other information wiring construction work in order to formulate processes that will facilitate the construction of quality information networks. A detailed analysis of fusion splicing procedures will be presented in a future paper.
